not respond to stimulation did not. Only 4 voxels (2%) within the sensory thalamus were mutually shared among patients; 108 voxels (58%) were uniquely represented. Conclusions: DTI-based segmentation of the thalamus can be used to confirm thalamic lead placement relative to the sensory thalamus and may serve as a useful tool to guide thalamic DBS electrode implantation in the future.
Reasons for the heterogeneity in patient responsiveness to DBS for chronic pain syndromes remain elusive, but it is consensually accepted that targeting is critical to successful neuromodulation [4, 5] . The 'sensory' thalamus is currently targeted for DBS implantation indirectly, using stereotactic atlases and relying on intraoperative patient feedback in response to acute stimulation to guide final electrode positioning. Standard magnetic resonance imaging (MRI) and computed tomography (CT) scans do not provide adequate thalamic internal anatomic detail, possibly leading to inappropriate targeting and, subsequently, to poor clinical response. Ideally, targeting should be based on patient-specific anatomic information.
Diffusion tensor imaging (DTI) has demonstrated utility in patient-specific thalamic anatomical targeting in numerous studies of DBS implantation for tremor [6] [7] [8] [9] [10] . As a case in point, our group recently reported anatomically segmenting the thalamus using DTI and probabilistic tractography to define the optimal area for targeting within the thalamus for tremor control by neuromodulation; it was our observation that thalamic nuclei demonstrate internal consistency but vary considerably from subject to subject and from subject to atlas, suggesting that the location of thalamic DBS targets for pain may also be similarly variable [9] . Although they may be identifiable reliably, we hypothesized that the targets may demonstrate atlas-subject and/or intersubject variability.
We herein present retrospective analyses of 5 patients who underwent DBS for chronic pain syndromes at our institution, with a view to better define the role of DTIbased thalamic segmentation in guiding thalamic DBS for pain. We conjectured that the use of DTI-based probabilistic tractography could not only identify the VPL/VPM, but also determine whether the implanted electrodes are in a position to effectively stimulate these target nuclei and provide adequate pain relief. The goal was to gain insight into whether poor clinical responses are failures of optimally targeted stimulation or at least in part, sequelae of inappropriate targeting.
Methods

Study Population
Following institutional review board approval at our institution, 7 patients were identified who underwent DBS of the sensory thalamus (VPL/VPM), with or without an additional lead in the PAG. Five (2 male, 3 female) of these 7 patients had the appropriate imaging and clinical follow-up and were included in our analyses. Their demographics are shown in table 1 . Their mean age was 56 ± 14.8 years (range 46-81). Indications for DBS included Dejerine-Roussy syndrome, brachial plexus avulsion, spinal cord injury (traumatic L1 fracture) with resultant paraplegia and neuropathic pain, postherpetic neuralgia, and complex regional pain syndrome type I or reflex sympathetic dystrophy secondary to brachial plexus injury. All patients were previously evaluated, medically managed and referred by pain management specialists. Other neuromodulatory therapies prior to DBS included motor cortex stimulation, cranial epidural stimulation, DBS itself (5 years earlier, at another institution), and intrathecal pain pump placement and spinal cord stimulation. One patient underwent placement of an epidural spinal cord stimulator between reprogramming sessions on account of the inadequate pain control from DBS and medications.
Surgical Procedure
Four of the 5 patients underwent high-resolution 3-tesla MRI within the week prior to surgery. On the day of surgery, a Leksell frame was placed using local anesthesia, and an intraoperative CereTom (http://www.neurologica.com/ceretom.html) CT was obtained. The preoperative MRI images were subsequently fused to these intraoperative images for surgical planning using BrainLab software. One patient underwent preoperative MRI in the 1.5-tesla intraoperative MRI, which was used for target localization and trajectory planning. The VPL/VPM thalamus in all patients was targeted based on coordinates obtained from the SchaltenbrandWahren Atlas. Specifically, we targeted a region approximately 10-12 mm lateral from the third ventricular wall (depending on 227 area of pain) and 10-12 mm posterior to the midcommissural point. For stereotactic implantation, the Leksell frame was fixed to the operating room table with the patient positioned in a semi-reclined position with the head flexed slightly. A radiofrequency electrode was advanced in a sterile fashion to the target after dural opening. The DBS lead (Medtronic 3387; Medtronic Inc., Minneapolis, Minn., USA) was then inserted to the planned depth, and stimulation performed to assess sensory sequelae. When it was felt that adequate paresthesias were induced from stimulation, the lead was secured in place. Leads were repositioned intraoperatively according to patient response to stimulation (patients 1, 4 and 5) when the induced paresthesias were inadequate or unsatisfactory. Postoperative imaging (3 CT, 1 MRI) was obtained prior to leaving the OR to ensure adequate lead position. Generators were implanted in each case as a separate surgery approximately 2 weeks later.
Imaging Analysis
Our methods for defining target and seed masks for probabilistic connectivity-based tractography and thalamic segmentation have been described previously [9] . Similar to our earlier report, we delineated one seed mask (thalamus) and seven cortical target masks for each patient: prefrontal cortex, premotor cortex, primary motor cortex (M1), primary somatosensory cortex, temporal cortex, posterior parietal cortex and occipital cortex. Their anatomical limits have been previously defined (http://www.fmrib. ox.ac.uk/connect/definitions.html). Cortical regions of interest (i.e. target masks for probabilistic tractography) were defined in an automated manner using LONI (Laboratory of Neuroimaging, University of California, Los Angeles) Brain Parser [11] . For the purposes of this study, the target masks from the postcentral gyrus (i.e., somatosensory cortices) bilaterally were the ones of interest in defining the sensory thalamus, although all were analyzed. The thalamus for each individual was likewise generated in an automated manner using FreeSurfer (http://surfer.nmr.mgh.harvard. edu/).
All analyses were run in an automated blinded manner, and probabilistic diffusion tractography was conducted using the LONI Pipeline platform and FSL tools (http://www.fmrib.ox.ac. uk/fsl) [12] . Specifically, the FMRIB's Diffusion Toolbox (FDT) was used to carry out the DTI connectivity analysis. This toolset uses Bayesian techniques to estimate the probability function of principal fiber direction at each voxel. These probability distribution functions were then used to determine the likelihood of connectivity between the thalamic seed voxels and cortical targets. DTI data were unwarped and skull stripped using FDT's eddy current correction tool and FSL's brain extraction tool, respectively. BEDPOSTX, a model that accounts for the possibility of crossing fibers within each voxel, was then used to calculate estimates of voxel-wise fiber orientations. The diffusion data were linearly registered (FLIRT) to the high-resolution T1-weighted image, and subsequently PROBTRACKX (using 5,000 samples, a 0.2 curvature threshold and loop-check termination) was used to determine the probability of connectivity of each thalamic voxel with the sensory cortex based on the BEDPOSTX output, the transformation matrices and the previously defined seed and target masks.
Connectivity-based segmentation revealed distinct thalamic regions with high connectivity with distinct cortical regions. The thalamic map of relative connectivity with somatosensory cortices (i.e., VPM/VPL) and the postoperative CT or MRI demonstrating final electrode positions were then aligned with preoperative imaging (FLIRT) to compare thalamic maps with lead and contact positions. To compare the relative position of the sensory thalamus as defined by probabilistic tractography across subjects, we performed subsequent intersubject analyses and comparisons. Maps of the sensory thalamus for each patient as determined by probabilistic tractography were transformed into standard space (MNI-152) using both FLIRT (12 parameters) and FMRIB's nonlinear image registration tool (FNIRT). The sensory thalami were then thresholded and binarized at 1500 using fslmaths to isolate areas of highest probability of containing sensory thalamus within each subject. The binarized thalami were then summed in common space to visually demonstrate the distribution of overlapping voxels of sensory thalamus between subjects in common space.
Radiographic Localization of DBS Contacts
In order to assess the proximity of each individual DBS contact with the tractography-determined sensory thalamus, we calculated the position of each contact in three-dimensional space. The 4 contacts on the Medtronic 3387 DBS lead are centered 2.25, 5.25, 8.25 and 11.25 mm from the tip of the lead. To determine these contact positions in three-dimensional space, we identified the coordinates corresponding to the lead tip (x t , y t , z t ) and another point (a: x a , y a , z a ) along the length of the electrode distant from the approximate vicinity of the contacts. Assuming a linear trajectory of the DBS lead, the ratio of the distance from the lead tip to the center of each contact (c) relative to the distance from the tip to point 'a' (d) should equal the ratio of this distance traversed in each independent vector component. Thus, for a point that is a distance 'c' from the tip of the electrode,
which can be used to derive the (x c , y c , z c ) for each contact.
Data Collection and Statistical Analyses
Follow-up was obtained via telephone interview questionnaires as well as medical chart and imaging review. Information pertaining to the patients' pain, location, severity, treatment history, pain reduction and post-DBS treatment were extracted. A 10-point numerical rating scale (similar to the Visual Analog Scale) was used to record pain severity. Postoperative pain relief was determined at the time of maximal pain relief, as well as at the last follow-up available in all instances possible. Pain reduction was computed as the difference between preoperative pain score and postoperative pain score at the two different time points. Patient demographics, surgical characteristics and outcomes were analyzed using descriptive statistics. Data were collected using Microsoft Excel 2013 (Microsoft Corp, Seattle, Wash., USA). unilateral VPL/VPM and PVG (2 left, 2 right), whereas 1 patient received bilateral DBS leads to the sensory thalamus in addition to a PVG lead. There were no intraoperative complications or postoperative neurologic sequelae. Of note, DBS electrodes were repositioned for inadequate or unsatisfactory stimulation-induced paresthesias in patients 1, 4 and 5. Final distal lead coordinates are provided in table 3. All patients experienced paresthesias in the distribution of their pain with final electrode positioning. Patients were followed for a mean of 28.8 months (range 2-48). Patient-specific outcomes were as follows: patient 1 experienced complete relief in his stabbing-type pain and significant relief in his burning-type pain, reporting an overall reduction from a 9 to a 3 on the pain rating scale. Patient 2 experienced some short-term benefits, stating that his pain decreased from a 6 to a 2 (on the numerical rating scale) upon initial programming. However, it regressed to and never improved beyond a 5 on subsequent programming sessions. This patient consequently received a spinal cord stimulator to augment his DBS and was subsequently lost to follow-up. Patients 3 and 5 experienced moderate to significant pain relief with DBS at their latest 
Results
Clinical Outcomes
Radiographic Assessment of Sensory Thalamus and Contact Position
Nonresponder The leads of patient 2 were found to be medial to the regions with the highest probability of containing VPL/ VPM fibers/nuclei ( fig. 1 ).
Responders
Localization of individual contacts per the aforementioned methods revealed that the patients with the best clinical response (patients 3, 4 and 5) had DBS contacts within the region of the thalamus with the highest probability of connectivity with the somatosensory cortex. Patient 1 experienced complete relief in his stabbing pain but only partial relief in his burning pain; this may relate to the fact that although contact 3 was appropriately positioned within the sensory thalamus, contacts 0, 1 and 2 were outside of the diffusion imaging-based depiction of the sensory thalamus ( fig. 2 ) . Patient 3 had the best clinical response to contacts 1 and 2, which were the most appropriately located within the VPM/VPL map delineated by diffusion-based tractography ( fig. 3 ) . Similarly, in patient 4, contacts 0, 1 and 2 were located near the sensory thalamus, and he received the most benefit from contacts 1 and 2. In patient 5 too, DTI-based segmenta- tion of the thalamus revealed that the final electrode position was within the sensory thalamus and this patient received good benefit, most significantly from contacts 1, 2 and 3, and likely with contribution from contact 1 as well ( fig. 4 ).
Intersubject Variability in Sensory Thalamus
Representation Of the five patient scans, one could not undergo nonlinear transformation given the degree of contrast enhancement within the scan affecting the transformation within FSL. The sum of the 4 binarized sensory thalamus maps visually demonstrated the distribution of VPL/ VPM voxels commonly represented by subjects in MNI space ( fig. 5 ). There were only 4 voxels that contained sensory thalamus representation from all 4 patients (2%). With these 4 voxels, there were also 36 voxels that represented sensory thalamus from 3 out of 4 patients, and these two groups comprised a central core region with highest commonality between subjects (yellow voxels). In the periphery, there were 38 voxels that represented VPL/ VPM thalamus from 2 patients and 108 voxels (58%) that denoted unique patient representations of the sensory thalamus.
Discussion
Significant research has been dedicated to DBS for chronic pain [3, [13] [14] [15] [16] [17] [18] [19] [20] . A meta-analysis in 2005 by Bittar et al. [3] revealed that stimulation of the PAG and VPL/ VPM yielded greater long-term pain alleviation (87%) than stimulation of either the PAG alone (79%) or the VPL/VPM alone (58%); moreover, thalamic DBS yielded relief in a greater fraction of patients with nociceptive pain (63%) than in those with neuropathic pain (47%). These findings were echoed more recently by Levy et al. [2] , who noted a greater rate of long-term pain control following thalamic DBS in patients with nociceptive pain (61%) when compared to that in those with neuropathic pain (42%); optimal targets for deep brain neuromodulation appeared to be the PAG for those with nociceptive pain and the sensory thalamus for those with neuropathic pain, possibly with stimulation of both areas in all instances.
Failures may at least in part be attributable to an inability to optimally target the VPL/VPM nuclei. The lack of a discernible internal thalamic architecture in imaging modalities traditionally used for DBS limits the utility of standard image guidance in refining the targeting of the sensory thalamus. We therefore sought to evaluate a method for targeting the sensory thalamus utilizing connectivity-based internal thalamic segmentation, by retrospectively analyzing the clinical outcomes of 5 patients implanted with DBS electrodes in the sensory thalamus for chronic pain in relation to the position of the electrodes on DTI-based thalamic maps. The results of our analyses indicate that (1) DTI maps correlate with low threshold paresthesias, and (2) patients in whom the DBS electrodes were within the DTI target fared better than those in whom the electrode (or specific contacts) was not.
Stereotactic methods currently rely on indirect localization through the use of brain atlases derived from single subjects, with subsequent adjustments based on preoperative image-guided planning and intraoperative neurophysiological assessment. Although neurophysiological testing may help guide the repositioning of leads, the need for repeated passes to elicit the clinical response presumed to result in favorable outcomes (e.g. paresthe- 232 sias) increases the operative time as well as the risk of hemorrhage. The use of novel imaging techniques to delineate the internal structure of the thalamus to potentially guide stereotactic placement of leads for targets such as the ViM for essential tremor has been previously reported [21, 22] . However, these methods focus on improving image acquisition to enhance structural contrasts rather than on elucidating functional connectivity or evaluating the efficacy of DBS.
In contrast, we previously demonstrated reliably delineating the internal nuclear structure of the thalamus utilizing probabilistic connectivity-based segmentation [9] . Herein, we present an application of these methods to retrospectively analyze the targeting of the VPL/VPM thalamic sensory nuclei in DBS for chronic pain conditions in 5 patients. To our knowledge, this represents the largest such series and only the second to date [23] . Our results demonstrate that those patients with the most overlap between electrode position and areas with the highest probability of containing VPL/VPM fibers (light blue) had superior pain relief with stimulation (patients 1, 3, 4 and 5). Additionally, through an assessment of individual contact positions with our segmentation maps, we could retrospectively confirm that the contacts (leads) with the greatest overlap with the sensory thalamus provided the greatest clinical benefit to these patients.
Studies in nonhuman primates have shown that the thalamic ventrobasal complex (the caudal division of the VPL nucleus and the large-celled portion of the VPM nucleus) project to primary and secondary somatosensory areas (S1 and S2) [23] [24] [25] [26] [27] [28] [29] [30] [31] . In humans, the ventroposterior nuclei (VPL and VPM) have the strongest probability of primary somatosensory cortical connectivity. We have found in our series that slight differences exist in the images regarding the localization and shape of the VPL/ VPM nuclear complex between subjects and even nuclei in the same subject. In part, this would explain some results in our series. Electrodes in patients 3, 4 and 5 in our series were all eventually within the target determined by DTI-based segmentation of the thalamus. Yet, the electrodes had to be repositioned in patients 4 and 5, in one patient medially and in another patient posteriorly, relative to their initial placement based on standardized atlasbased representations of the ventral posterior nuclear group, the sensory thalamus.
Although there is a small region in which the majority of subjects demonstrate overlap in the localization of VPL/VPM fibers, there is a great degree of variability within the immediate periphery ( fig. 5 ). The majority (108 voxels or 58%) of sensory thalamus representation exhibited patient uniqueness. Notably, this variability exists despite nonlinear transformation to a common space (MNI-152), which accounts for differences in ventricular size, cerebral atrophy and gross intracranial volume, without which there would be even greater apparent differences between patients. Additionally, thalamocortical fibers carrying information regarding pain probably exhibit patient-specific spatial organization within the sensory thalamus. A case in point here is patient 1, in whom stabbing-type pain completely resolved at last follow-up, but burning-type pain persisted partially; this may be from a combination of two main factors, namely a single contact only being in the vicinity of the sensory thalamus and/or the generated pulse frequency stimulation within the sensory thalamus not being sufficient.
This accentuates the importance of targeting based on individual functional anatomy. Moreover, as the putative mechanism through which patients achieve pain relief is through the modulation of thalamocortical networks, it is crucial to identify and target the regions that are functionally significant, rather than target those with radiographic or histologic significance. The reliable placement of leads in the VPL/VPM nuclei based on individualized thalamic anatomy could allow for implantation without clinical neurophysiological assessment or microelectrode recordings, shortening operative times and eliminating patient discomfort associated with wakefulness during the procedure. Furthermore, directly visualizing the DTIdetermined sensory thalamus to guide initial targeting may minimize electrode passes, reducing the risk of hemorrhage [32, 33] . Finally, by evaluating each electrode in relation to its vicinity to the sensory thalamic fibers, one can potentially use these patient-specific maps to guide programming and patient management.
Limitations
It is important to understand key limitations of our study. To our knowledge, the analyses herein represent the largest (and only second to date) series of utilizing connectivity-based DTI segmentation of the thalamus to evaluate DBS electrode positioning for chronic pain in relation to the VPL/VPM sensory nuclei. This involved registering preoperative imaging to postoperative MRI or CT scan data after electrode placement, inherently introducing room for error as the displacement of brain structures after electrode implantation can offset anatomic detail. Although this effect is likely to be minimal, it may not be negligible. Additionally, although our results suggest a promising role for tractography-based thalamic segmentation in enhancing thalamic neuromodulation, the retro-spective nature of our study and our limited sample size preclude definitive conclusions. At minimum, our results enable appreciation of the interpatient variability in thalamic nuclear distribution and prompt further investigation of these methods, while also providing an explanation for the failures of DBS for chronic pain with functional radiographic correlation with regard to lead placement.
Conclusion
Not all subcortical targets utilized in DBS-based therapies have well-defined anatomic boundaries on the currently available imaging systems used for stereotactic planning. In addition, many off-label indications for DBS have shown moderate and inconsistent efficacy, possibly as a result of poor stereotactic localization on account of this inability to discern functional anatomy on current imaging. We have previously demonstrated that diffusion-based tractography can be used to delineate the functional nuclei of the thalamus. Using these methods, we were able to retrospectively show that this DTI-based segmentation can help predict which patients will respond better to DBS for chronic pain. In the future, diffusion-based segmentation of the thalamus and other subcortical structures may be of great importance in helping guide the stereotactic localization of DBS targets to maximize clinical efficacy.
